The performance of MCM-41 type mesoporous silica (MPS) as an emulsifier for Pickering emulsification was investigated. Compared to silica gel powder, the MPS powder showed stronger adsorption of organic molecules into its uniform nanosized pores, in addition to good dispersibility in a solvent. Adsorption of oil into the MPS pores yielded an O/W emulsion, even without any organic surface treatment. Ethanol treatment helped in further improving the emulsification ability of MPS under mild stirring conditions and yielded a uniform O/W emulsion phase over a wide range of water/oil ratios, without any oil phase separation.
Pickering emulsification is a technique in which amphiphilic powder is used as an emulsifier. In this case, a powder layer is formed at the water/oil interface, which enables emulsion formation in the absence of a surfactant [1] [2] [3] . Typically, silica powder is used for Pickering emulsification, but because of its hydrophilic surface, surface modification with organic substances like silicone (dimethyl polysiloxane) is necessary. Micro-sized silica spheres can act as an emulsifier even without surface treatment when oils with specific polarity are used, such as unsaturated triglyceride oils 4) . However, ordinary cosmetic oils such as synthetic triglycerides like 2-ethyl hexanoic acid triglyceride are unfortunately emulsified by this method. Further, in order to disperse the powder in a liquid phase and form a Pickering emulsion, a strong mixing force is required; for this purpose, an ultrasonic disperser or a homogenizer is used.
The powder developed for Pickering emulsification, for application in the cosmetics industry etc., should preferably be capable of forming an emulsion under a gentle mixing force such as agitation, shaking, or stirring. In addition, the powder should be ready for use without surface treatment.
It has been described theoretically that the surface roughness (the presence of pores) of powder particles can affect the wettability of them, which improves or deteriorate the properties of the powder particles as an emulsifier 5) . According to this theory, in this study, we focus on mesoporous silica (MPS), which is silica powder with uniform nanometer-sized pores. MPS was originally developed for catalysts showing shape selectivity 6) . When used as an extender pigment, MPS powder shows unique physical properties such as high dispersibility in both oil and water phases, which is due to its large pore volume (ca. 1 mL/g) and surface area (>1000 m 2 /g). Among various types of MPS, MCM41-type MPS has the highest dispersibility 7) . Further, the organic molecules are strongly and tightly adsorbed by the MPS pores, and subsequent desorption is minimal. For example, anthocyanidin dye adsorbed on MCM41-type MPS is hardly eluted to organic solvents or water 8) . In this study, we examine the performance of MCM41-type MPS, which strongly adsorbs organic molecules and shows good dispersibility in a solvent, for Pickering emulsification. The main aim of this study is to determine whether (1) MPS without organic surface treatment can emulsify typical cosmetic oils and (2) MPS with hydrophobic treatment is suitable for emulsification under gentle stirring conditions. MCM41-type MPS was synthesized by a known conventional method described in the literature 9) . The silica powder was ground in an agate mortar until its secondary particle size became less than 7 µm, as observed by scanning electron microscopy (SEM, Fig. 1) . As a comparative sample, commercially available silica gel (Wako Pure Chemical) was crushed in an agate mortar in the same manner mentioned above and used.
Both silica samples were subjected to hydrophobic treatment. For ethanol treatment, 0.3 g of MPS or silica gel was mixed with 6 mL of 99 % ethanol, transferred to a PTFE autoclave, and heated at 413 K for 48 h. For propanol treatment, 2.0 g of MPS or silica gel and 20 mL of 2-propanol were admixed and heated for 40 h under reflux. The powder after the treatment was separated by filtration, thoroughly rinsed with deionized water, and dried at 373 K.
Nitrogen sorption measurements on MPS or silica gel were performed using a Shimadzu Tristar 3000 micrometrics analyzer. Surface area was calculated by the BrunauerEmmett-Teller (BET) method. Pore size and pore volume were determined by the Barrett-Joyner-Halenda (BJH) method. SEM images were taken on a JEOL JSM-6060LV microscope operating at 25 kV.
2-Ethyl hexanoic acid triglyceride (Nisshin Oillio Corp) was used as the oil phase. The total weight of the sample (silica powder, deionized water, and oil) was set at 1.0 g.
Prior to the emulsification process, the specified amounts of powder and oil were admixed, dispersed using an ultrasonic washing machine (As-One US-2R, 80 W, 40 kHz), degassed using a diaphragm vacuum pump for 30 min, and allowed to stand for 12 h at ambient temperature. The oil and powder mixture was transferred to a polypropylene microtube (2 mL). The tube was mildly agitated on a vortex mixer; then, a specified amount of deionized water was added dropwise over 5 min, and the resulting mixture was stirred for 6 min using a vortex mixer. If the mixture became gel-like and could not be stirred, it was manually mixed with the help of a micro spatula. Note that this emulsification procedure simulates gentle stirring conditions without the need for a strong stirring device such as an ultrasonic disperser or a homogenizer. Samples obtained were degassed for 15 min using a diaphragm vacuum pump. These operations were carried out at ambient temperature.
For comparison, the reverse procedure was also examined, in which the powder was admixed with diluted water (instead of oil), and then oil was dropped into the aqueous phase under agitation with a vortex mixer.
The phase diagram (weight ratio) was composed according to the existence of emulsion phase (described as O/W or W/O) or separated oil phase (O) and aqueous phases (W) 30 min after the preparation. When the resulting sample did not show fluidity, it was described as a gel. The composition area where homogeneous samples were not obtained, because of too large amount of powder or oil, was described as heterogeneous mixture.
First, the dispersibility of MPS and silica gel in oil or water was compared. MPS could be easily dispersed in either oil or water by gentle stirring with a magnetic stirrer. On the other hand, silica gel was harder to disperse, and it precipitated immediately when the stirring was stopped. The surface area of the MPS sample synthesized in this study exceeded 1000 m 2 /g, and its pore volume was 1.0 mL/g; these values are higher than those of silica gel and can be attributed to the excellent dispersibility of MPS ( Table 1) .
For the standard procedure used in this study, the powder is immersed in the oil prior to emulsification. In this step, the oil intrudes into the pores of the powder particles. Stirring the oil/MPS mixture with water using a Vortex mixer afforded an O/W emulsion phase over a wide oil/water weight ratio range (oil/water = 70/30 -35/65), even without any hydrophobic treatment. Gel formation was observed for higher oil/water ratios and it was substantially O/W phase (Fig. 2) .
A photomicrograph of the emulsion (MPS:oil:water = 5:65:30, weight ratio) is shown in Fig. 3 emulsion were not uniform, ranging in size from 20 to 60 µm. The MPS layer was present at the interface of the emulsion, and some MPS particles were aggregated or dispersed in the aqueous phase. Within a month, the emulsion particles gradually sank to the bottom of the microtube. However, re-stirring by a vortex mixer caused the precipitated sample to revert to the initial emulsified state. It is assumed that the oil molecules adsorbed into the nanosized pores of MPS are not easily replaced with water, despite the hydrophilicity of the pore surface.
On the other hand, when mesoporous silica was immersed in water prior to emulsification (reversed procedure), the oil and aqueous phases separated and no emulsion phase was observed (Fig. 4) . From these results, it is inferred that the MPS surface became more hydrophobic by the adsorption of oil into the pores, thus enabling emulsification without hydrophobic surface treatment.
For comparison, silica gel without hydrophobic treatment was also immersed in the oil and stirred with water. In contrast to the case of MPS, the oil and aqueous phases clearly separated, and only a small amount of W/O emulsion was present at the interface (Fig. 5) . This result implies that the emulsification ability of silica gel is inferior to that of MPS, probably because the oil molecules present in the non-uniform pores of silica gel are easily replaced by water through the stirring process. In other words, MPS shows excellent emulsification ability because its uniform pores hold the oil molecules stably.
As described above, an O/W emulsion was obtained when oil was trapped in the MPS pores. However, the separated oil phase (shown in Fig. 2 as +O) always coexisted with the emulsion phase. This suggests that the hydrophile-lipophile balance (HLB) of MPS with oil in the pores is higher than the optimum value for an O/W emulsifier, thus making the system more hydrophilic. In order to modify MPS to be an excellent emulsifier, two types of hydrophobic treatment were investigated.
Hydrophobic treatment of the surface and pores of MPS was carried out by heating in ethanol at 413 K. When using this treated powder, a uniform O/W emulsion, without separation of the oil phase, was obtained over a water/oil ratio range of 30/70 to 80/20 (Fig. 6) . Fig. 7 shows an optical micrograph of the emulsion. Compared to the case of untreated MPS, a thicker powder layer was observed at the interface of the emulsion droplets. The average size of the droplet was ~100 µm, which was larger than that of untreated MPS.
The surface of the silica powders can be made more hydrophobic through a treatment using propanol instead of ethanol. MPS treated with ethanol can be dispersed in water, but MPS treated with propanol floats on water. As shown in Fig. 8 , the emulsion phase was hardly observed in the case of MPS treated with propanol. After stirring, a large amount of powder aggregated at the bottom of the microtube, as opposed to the case of ethanol-treated MPS. This suggests that the hydrophobicity of MPS treated with propanol probably became much higher than the preferred HLB for dispersion in an aqueous phase and application as an emulsifier after mild stirring with a vortex mixer. MPS treated with propanol was difficult to disperse in water but could be dispersed through repeated vacuum degassing, sonication, and stirring with a vortex mixer. The obtained aqueous dispersion was allowed to stand for 12 h, and oil was added into it; the resultant mixture was stirred with a vortex mixer (using the reverse procedure) to obtain an emulsion phase (Fig. 9) . Insertion of water into the pores of propanol-treated MPS is thought to alter the HLB of the powder, causing the system to be less hydrophobic. However, water in the pores of propanol-treated MPS seemed to be desorbed easily. The emulsion was separated to an oil phase and an aqueous phase within three days; it could not be emulsified again by stirring with the mixer.
The phase diagram obtained from silica gel treated with ethanol is shown in Fig. 10 . The ethanol-treated silica gel showed poor emulsification ability, and only a small amount of O/W emulsion was formed at a water/oil ratio of 25/75. At this composition, most of the powder precipitated at the bottom of the microtube, similar to the case of MPS with propanol treatment. This observation indicates that the hydrophobicity of the ethanol-treated silica gel probably became much higher than the appropriate HLB for O/W emulsification, which corresponds to mesoporous silica with propanol treatment.
As predicted, propanol treatment of silica gel made the powder more hydrophobic than did the ethanol treatment and did not cause emulsification over the water/oil ratios considered in this study (Fig. 11) .
Adsorption of oil in the uniform nanosized pores of MPS afforded an O/W emulsion, even without any organic surface treatment. This property was confirmed to be specific to MPS, as silica gel powder without uniformly sized pores did not form an emulsion phase.
Ethanol treatment was preferred for further improvement of the emulsification ability of MPS under mild stirring conditions; this treatment yielded a uniform O/W emulsion phase over a wide range of water/oil ratios, without oil phase separation.
